ABSTRACT. In the cells various kinds of organdies are transported and distributed to their proper destinations in the cell. Organelle transports are very important for cellular morphogenesis and functions, with the conveying and targeting of essential materials to their correct destination being conducted, often at considerable velocities. Recently we have identified at least 10 new microtubule-associated motor proteins named as KIFs (kinesin super family proteins). Their characterization reveals that each membercan convey a specific organelle or cargo, although there is someredundancy. It has also becomeclear that there are distinct subclasses of KIFs that form monomeric, heterodimeric and homodimeric motors. Molecular cell biological approaches combining multidiciplinary methods such as new electron microscopy, biochemistry, immunocytochemistry, biophysics, molecular biology and molecular genetics have revealed precise mechanisms of organelle transports in the cells byKIFs.
posed of branching dendrites, cell body and a long axon along which impulses are propagated. Because of the lack of protein synthesis machinery in the axon (the axon can be up to 1 mlong in human) most of the materials needed in the axon and synapses have to be transported downthe axon after the synthesis in the cell body (1) . In this sense, axonal transport is fundamental for neuronal cell morphogenesis and function, and consequently the neuronal axon provides an excellent model system in which to study organelle transport in cells in general (1) . Twotypes of axonal transport occur in neurons, fast and slow. Fast transport is responsible primarily for the movement of membranousorganelles at 50-200 mmday"1 towards the synapse (anterograde transport) or back to the cell body (retrograde transport). By contrast, slow transport moves cytoskeletal proteins and 'soluble' enzymes at 0.5-4 mmday"1. The recent discovery and characterization of kinesin superfamily proteins (KIFs) sheds new light on the mechanisms of membranousorganelle transport. In this article I review the molecular mechanismsof the organelle transport based on data derived mainly from our labora- Various kinds of membranousorgandies are transported in nerve axons, where transport is bidirectional and occurs at varying velocities. Membranous organelles that movein an anterograde direction include mitochondria and tubulovesicular structures that could be precursors of axonal plasma membranes, synaptic vesicles and synaptic plasma membranes.These membranous organelles are likely to contain neuropeptides, neurotransmitters and associated enzymes, as well as some membrane-associated proteins.
In contrast, membranous organelles moving in the retrograde direction include prelysosomal membranousorganelles, multivesicular bodies, multilamellar bodies, mitochondria and endosomes (1). Neurotrophic factor receptors are also transported by this retrograde direction. Early electron microscopic studies identified short (25-30 nm long) crossbridges between membranousorganelles and microtubules, prompting the idea that these might be motor proteins responsible for fast transport (2, 7, 8) . The application of VE-DIC (video-enhanced differential interferance contrast) microscopy has facilitated the elucidation of the mechanisms of membraneorganelle transport (3, 4) . This approach enabled the clear visualization in real time of the bidirectional movements of several different kinds of membranous organelles along the axon and proved that the membranous organelles move along microtubules. Such studies led to the discovery of two microtubule-acti-357 vated ATPases, kinesin and brain (cytoplasmic) dynein (3) (4) (5) . Kinesin transports beads from the minus end to the plus end of microtubules (anterograde) at~0.6 [Jtm sec"1, whereas brain dynein acts as a retrograde transporter. Kinesin is a tetramer composed of two heavy chains and two light chains (6) . These form a 80 nm rod-like molecule consisting of two globular head domains, a stalk domain and a fan-like tail domain. Decoration with antibodies specific for the heavy and light chains demonstrated that the heavy chains form heads, whereas the light chains form the fan-like ends (9) . The heads bind to microtubules, and the fan-like ends are probably associated with membranous organelle (9) . This molecular structure fits very well with the secondary structure predicted from the primary structure of Drosophila kinesin (10) . Molecular genetic approaches have revealed that kinesin heads are responsible for the movement of kinesin on the microtubules. Afterwards, several new approaches led to an expansion in our understanding of motor proteins and organelle transport. Analysis of high-resolution three-dimensional structures of kinesin heads and microtubules by the cryoelectron microscopy of frozen hydrated materials showed that kinesin heads bind quite regularly on ridges of microtubule protofilaments (ll, 12) (Fig. 5 ). This fits with the observation that kinesin movesin a straight line on microtubules in in vitro motility assays (36). Furthermore, the kinesin heads bind asymmetrically to the microtubules depending on the polarity (12) (Fig. 5) . Further studies on the dynamic conformational changes in the complex between kinesin heads and microtubules during hydrolysis of ATPshould certainly be informative.
Although in vitro motility assays suggested kinesin is an anterograde motor in the cells, the evidence in vivo were lacking. By immunocytochemistry of ligated axons in vivo it became possible to show that kinesin is primarily associated with anterogradely moving membranous organelles which accumulate at the proximal end of ligation suggesting strongly that kinesin works as a motor for anterograde transport of these organelles (13 (17)), KIF2, KIF3 (now called KIF3A (18)), KIF4 and KIF5 were identified, but further members have now been described (KIFIB (19) in vitro (Fig. 4) . Thus, there is a strong suggestion that KIF1Bworks as a monomericmotor for anterograde transport of mitochondria. KIF2 (21) is a member of the central-motor-domain type and belongs to a new family. KIF2 is expressed in juvenile neurons and expression is reduced in the adult. Expressed predominantly in neurons and to a lesser degree in other tissues, it forms a dimer showing microtubule plus-end-directed motor activity (^0.5 fjtm sec"1). It worksas an anterograde motorin juvenile axons and conveys a particular group of membranousorganelles (100-120 nm in diameter) that are distinct both from synaptic vesicle precursors and from vesicles conveyed by other motors, such as kinesin, KIF3A and KIF3B. Thus, KIF2 is an anterograde motor whose expression is regulated developmentally (Figs. 2, 3 ). KIF3A (18) is an N-terminal type motor and was the first representative of a new KIF3 family. Subsequently, KIF3B (20) was identified, whose motor domain is partially homologous (69%) to the KIF3A motor domain. Interestingly, although KIF3A and KIF3B are derived from different genes, they form a heterodimer and work as a plus-end-directed motor on microtubules (0.3 [im sec"1)-They are expressed strongly in neurons and testis and less abundantly in other tissues. The KIF3A-KIF3B heterodimer forms a 50 nm rod with two globular heads (diam.^10 nm) at one end and a small globular structure at the other end. This KIF3A-KIF3Bheter-odimer transports vesicles (dia. 90-160 nm) that are distinct from synaptic vesicle precursors. Interestingly, the native KIF3 complex (^-350 kDa) in brain is composed of KIF3A-KIF3Bheterodimer and other high molecular weight (^100 kDa) associated polypeptides called the kinesin-super family-associated protein 3 (KAP3) [KAP3A (793 aa) and KAP3B (772aa)] (20, 34). In vitro reconstitution study proved that KAP3is a globular protein that binds to the tail end of KIF3A-KIF3B heterodimer, forming KIF3A/3B KAP3 heterotrimer. Thus, KIF3A-KIF3B seems to work as a novel heterodimeric motor with KAP3to transport vesicles in the anterograde direction (20) (Figs. 2, 3) . Because KAP3 did not affect ATPase activity of KIF3A/3B heterodimer and because KAP3is associated with the tail domain of KIF3A/3B, where it is assumed to be involved in the binding of KIF3A/3B to cargoes, KAP3may regulate the binding of KIF3A-KIF3B to its cargoes (34). KIF4 (22) is an N-terminal-motor-domain type, homodimeric motor forming a 1 16-nm rod with two globular heads and a tail, and belongs to yet another new family, the KIF4 family. It is a plus-end-directed motor on microtubules (^0.2 fim sec"1) and is expressed strongly membranous organdies both in the growth cones of differentiated neurons and in the cytoplasm of cultured fibroblasts. Thus, KIF4 is a novel anterograde motor whose expression is regulated developmentally.
On the bases of these molecular call biological studies of KIFs it is now clear that there are many distinct KIFs in addition to kinesin that could be used for anterograde transports. The discovery and characterization of Preocessivity is a characteristic feature of motility along microtubules generated by KIFs in the axon, compared with other motors such as myosins. Membranous organelles in the axon movealong a microtubule for certain distance without dissociation from the microtubule 'rail'. The fact that beads coated with kinesins, or kinesin attached to coverslips, at very dilute concentration, can moveon a microtubule suggests strongly that a single kinesin dimer is able to perform processive movement along microtubules without dissociation. In fact, it has been reported that multiple (10-100) ATPmolecules may be hydrolysed per diffusional encounter with a microtubule, providing evidence that the activity of kinesin is highly processive, with the motor remaining attached to a microtubule through manycycles of ATP hydrolysis (23) (24) (25) (26) . A single head of kinesin can bind to and dissociate from a microtubule through a cycle of ATPhydrolysis. This suggests a hand-over-hand mechanism for kinesin procession along a microtubule, where one head of a kinesin homodimer remains bound to a microtubule while the other head dissociates from the microtubule, then movesand rebinds to the microtubule (27, 28) . A similar mechanism has been suggested for other dimeric motors such as myosins (29). However, because it is clear now that monomeric motors (KIF1A, KIF1B) that exist in the native state can move on microtubules and transport membranous organelles such as mitochondria for a certain distance in vitro, it seems likely that a hand-over-hand mechanism is not essential for processive movement of motor molecules. To perform a processive movement, a single-head monomeric motor such as KIF1Aor KIF1Bmust be kept very close to the microtubule during dissociation and movement of the head. Howthis occurs is not known, but it could be similar to the gravity working for us when we walk by only one leg. The N-terminal domain in KIF1Aand KIF1B, which is next to the N-terminal head domain and is highly homologous in KIF1A and KIF1B, may be responsible for keeping the head close enough to the microtubule surface to prevent diffusion away until the next strong microtubule-binding state is acquired (Fig. 2) Since the discovery of KIFs has revealed that certain membranousorganelles, such as mitochondria and precursors of synaptic vesicles, have their ownmotors, an important question is how each individual motor identifies its own cargo. One possibility is that there is a binding protein specific to each motor on the membrane of the organelle. In the case of kinesin, kinectin has been identified as a potential candidate for a receptor on ER (35). Another interesting question arises as to the function of associated proteins such as KAP3 for KIF3A and KIF3B. In addition, why KIF3A-KIF3B needs to be a heterodimer in vivo instead of a homodimer is an interesting question. The cargoes of most of KIFs, including KHC, the functions of each KIF and the cell-biological function of KIF-driven transport have still not been clar-ified in depth. Molecular genetic approaches, such as introduction of point mutation in KIF CDNA, analysis of the effect of dominant-negative mutants and analysis of mice engineered to lack certain KIF genes by gene targeting, could all be very informative. In this regard, point mutation of ATP-binding motif of the KHC-generated 'rigor' in kinesin and caused selective blockage of anterograde lysosome membrane transport (14); and gene targeting of KIF1Aresulted in severe motor and sensory disturbances, based on considerable structural changes in synaptic structures (Y. Yonekawaet al. , unpublished) . Future investigation of these new questions will certainly lead to a deeper understanding of the mechanismsof organelle transport and the mechanisms of force production and movementby motor proteins, and are underway in our laboratory.
